AM, Lam S, Coxson HO. Evidence for dysanapsis using computed tomographic imaging of the airways in older ex-smokers. J Appl Physiol 107: 1622-1628. First published September 17, 2009 doi:10.1152/japplphysiol.00562.2009.-We sought to determine the relationship between lung size and airway size in men and women of varying stature. We also asked if men and women matched for lung size would still have differences in airway size and if so where along the pulmonary airway tree would these differences exist. We used computed tomography to measure airway luminal areas of the large and central airways. We determined airway luminal areas in men (n ϭ 25) and women (n ϭ 25) who were matched for age, body mass index, smoking history, and pulmonary function and in a separate set of men (n ϭ 10) and women (n ϭ 11) who were matched for lung size. Men had greater values for the larger airways and many of the central airways. When male and female subjects were pooled there were significant associations between lung size and airway size. Within the male and female groups the magnitudes of these associations were decreased or nonsignificant. In males and females matched for lung size women had significantly smaller airway luminal areas. The larger conducting airways in females are significantly smaller than those of males even after controlling for lung size.
THE CONCEPT that airway size is not necessarily related to lung size was first proposed by Green et al. (12) . The wide variation in maximal expiratory flow rates between individuals with similar lung size was interpreted to mean that there is no consistent association between lung and airway size. Subsequent to this, the term "dysanapsis" has been used to reflect unequal growth and express the physiological variation in the geometry of the tracheobronchial tree and lung parenchyma due to different patterns of growth. Mead (27) determined the association between airway size (estimated using maximal expiratory flow/static recoil pressure at 50% vital capacity) and lung size (estimated using vital capacity) in adult women and men. It was found that healthy adult men have airways that are 17% larger in diameter than are the airways of women. Moreover, it was concluded that women and boys have airways that are smaller relative to lung size compared with men; therefore, the apparent sex-based differences occur late in the growth period. Additional support for the concept of dysanapsis comes from studies that have made acoustic reflectance estimates of tracheal area in young healthy men and women (23) . In a subset of subjects matched for total lung capacity, Martin et al. (23) found that the tracheal cross-sectional area was 29% less in women compared with men. As such, there are significant male-female differences in tracheal size that do not appear to be explained by lung size.
While previous studies have provided insight into potential sex-based differences in the relationship between airway size and lung size, they have been limited either by the use of indirect estimates of airway size (12, 27) or by the use of an examination of the airways above the tracheal carina (13, 14, 19, 23) . In addition, the majority of these studies have not made comparisons between men and women of equal size, making interpretation of potential airway differences difficult. As such, the purpose of this study was twofold. First, we sought to determine the relationship between lung size and airway size in men and women of varying stature. Second, we asked if men and women matched for lung size would still have differences in airway size and if so where along the pulmonary airway tree would these differences exist. To this end, we used computed tomography (CT) in men and women to provide quantitative measures of airway luminal areas. The larger conducting airways are defined as generations 0 through 16 (18) . In this study we reported data for airways up to segmental bronchi (generation 3), which we have defined as the large and central airways.
METHODS

Subjects.
A total of 57 (28 male, 27 female) subjects for this study were selected from the British Columbia Cancer Agency "Lung Health Cohort" (26) . The clinical ethics review boards of the British Columbia Cancer Agency and the University of British Columbia approved the study. All subjects provided informed consent to allow their spirometry and CT images to be used for research. This is a cohort of heavy smokers who have been screened for the presence of lung nodules using CT scans. All subjects were former smokers at the time of the study.
Spirometry. Spirometry was conducted according to American Thoracic Society recommendations. The forced expiratory volume in 1 s (FEV 1) and forced vital capacity (FVC) were recorded in liters and expressed according to predicted values (9) .
Study overview. The relationships between airway size, biological sex, and lung size were assessed in two ways. First, we measured airway luminal area (Ai) in men (n ϭ 25) and women (n ϭ 25) who were matched for age, body mass index (BMI), smoking history, percent predicted FEV 1, FEV1/FVC, and CT measured total lung volume [expressed as % of predicted total lung capacity (TLC)]. The purpose of this approach was to examine subjects of a broad range of body heights to extend the range of lung volumes in each group. Second, we examined a separate set of men (n ϭ 10) and women (n ϭ 11) who were matched for lung size (estimated from FVC). The purpose of this analysis was to compare airway luminal areas in males and females with similar lung volumes to remove the independent effect from lung size and therefore reveal any sex-based difference in the relationship of airway size to lung parenchyma size.
CT scans. All CT scans were acquired in the volume scan mode at suspended full inspiration with subjects in the supine position. No intravenous contrast media was used. These CT scans were acquired using a Siemens scanner (Siemens Medical Solutions, Erlangen, Germany, Siemens Sensation 16 multislice scanner, 120 kVp, 215 mA, 1.0-mm slice thickness, and a low spatial frequency reconstruction kernel, i.e., B35f) The effective radiation dose for this protocol was Ͻ1.5 mSv, providing minimal risk in this cohort of men and women aged 50 -75 yr.
All CT scans were analyzed using Pulmonary Workstation 2.0 software (Vida Diagnostics, Iowa City, IA), and the airway tree was reformatted into three-dimensional images (Fig. 1) . Briefly, lungs were segmented from the thorax wall, the heart, and main pulmonary vessels. The airways were segmented using a region-growing algorithm starting in the trachea and projecting to the smallest airway visible on the CT scan as previously described (8, 32) . The lumen of the airway (Ai, in mm 2 ), was measured for all identified airway segments at the midpoint between airway branches.
Quantitative densitometric analysis was performed, and areas of CT emphysema were defined as low attenuation areas (LAA) less than Ϫ950 Hounsfield units (6) . The percentage of LAA was used to estimate the amount of emphysema.
Statistical analyses. Descriptive characteristics were compared between sexes using unpaired t-tests. Analysis of variance procedures were used to compare Ai values. To test for associations between selected airways and pulmonary function parameters, simple linear regression analysis using Pearson correlations were performed. A P value of Ͻ0.05 was considered statistically significant. Values are presented as means Ϯ SD.
RESULTS
Subjects.
Subject characteristics are summarized in Table 1 . Female and male subjects were matched for age, BMI, smoking history, and spirometry measurements. Males were significantly taller, heavier, and had larger lung volumes. Table 2 summarizes descriptive characteristics for those subjects matched for lung size. Males were slightly, but significantly, older than females. However, indexes of lung size showed that men and women were well matched. Males had a significantly lower FEV 1 %predicted as we purposely selected males who were on average smaller in stature and therefore lung size.
Airway area. Figure 2 shows an airway tree diagram with assigned labels of airway segments. Significant differences were observed between men and women matched for age, BMI, smoking history, and %predicted values for spirometry.
The mean values for Ai are shown in Table 3 . These data show that men had significantly larger lumen areas compared with women for the larger central airways (trachea, generation 0 through lobar, generation 2) and many of the segmental (generation 3) airways. The association between tracheal lumen area and FVC, as an index of lung size, is shown in Fig. 3 , while the remaining correlation coefficients for all the airways measured are summarized in Table 4 . The correlation coeffi- cients ranged from 0.53 to 0.76 for the largest of the airways when male and female subjects were pooled together. However, within the male and female groups the magnitudes of these associations were decreased. The more distal airways had less (or no) association with lung size. There were significant associations between Ai and lung size (FVC) for some airways for men and women, but the strength of these relationships can be considered weak to modest. We performed correlational analyses using FVC as an index of lung size to facilitate comparisons with other investigations. We also performed these analyses using lung volume obtained during the CT scan. The relationships we observed were the same regardless of which measure of lung volume was used. Mean lung volumes during supine CT imaging are shown in Tables 1 and 2 . These values were in excellent agreement with values obtained during pulmonary function testing, and no systematic changes due to posture were observed between men and women.
Also indicated in Fig. 3 are the specific airway comparisons between men and women matched for lung size. The mean values for Ai are shown in Table 5 . These data show that women had significantly smaller lumen areas than men in only the largest airways (P Ͻ 0.05).
DISCUSSION
In this study we used CT scans of the lungs of men and women to determine if there were differences in the airway size between the sexes. The most important finding of this study is that there are significant male-female differences in the luminal areas of the larger and central airways (trachea generation 0 through lobar generation 2 and many of the segmental airways) that are not accounted for by differences in lung size. When matched for lung size, men and women have similar luminal areas of the more distal airways. Our collective findings provide new evidence for sex-based dysanapsis.
Our findings build on previous studies in several important ways. There have been very few published values for Ai beyond the trachea, and even fewer providing a direct comparison in lumen area between men and women. Those studies that have sought to directly compare airways between the sexes have principally used acoustic reflectance. Acoustic reflectance permits assessment only of the trachea rather than any of the other airways (4, 5, 7, 21, 23). In addition, acoustic reflectance estimates are made of a tracheal "region" rather than a single anatomic point. With the advancement of high-resolution CT scanning methods we have been able to overcome these limitations and appreciably expand on earlier observations and demonstrate the Ai of the larger and central airways are significantly smaller in women compared with men even when matched for lung volume.
Correlational analyses showed that there were statistically significant but moderate associations between lung size and Ai for the trachea and for the largest airways when male and female subjects were pooled together. However, when subjects were partitioned into separate groups the strength of these associations was reduced or was nonsignificant. We interpret these observations to mean that there is a modest-to-weak relationship between airways and lung parenchymal size. Collectively, our findings are in agreement with the concept of airway-parenchymal dysanapsis (19, 27) . Our experimental approach does not provide insight into the potential mechanism(s) of dysanapsis, but there is evidence that there are sex differences in the maturation and physiological function of the lungs in early childhood that persist throughout adolescence and into adulthood (for review see, see Ref.
2).
We compared men and women with overlapping lung volumes to remove the effect of size per se and determine the relationship between airway size and lung parenchyma size. The larger airways were significantly larger in men relative to lung volume-matched women. The magnitude of difference (14 -25%) we observed is consistent with previous reports that have shown that the tracheal areas of males are significantly larger than those of females after controlling for lung size (23). Our results confirm those previous findings and further extend their observations by showing that some, but not all, of the airways distal to the trachea are still smaller in women who have the same sized lungs as men. These are important observations if we consider the principles of airflow. Flow through the airway tree depends on the driving pressure and airway resistance. Airway resistance to airflow is affected by several factors: viscosity of the gas, length of the airway, gas density, and radius of the airway. Whether airflow is laminar or turbulent it is strongly dependent on the radius of a given airway as resistance to flow is inversely proportional to airway radius to the fourth power. This relationship, also called Poiseuille's equation, emphasizes that the radius of the airway is the major determinant of airway resistance when airflow is laminar and is typical in airways Ͻ 2 mm. In most of the bronchial tree Values are means Ϯ SD. BMI, body mass index; FEV1.0, forced expiratory volume in 1 s; FVC, forced vital capacity; TLC, total lung capacity; LAA%, percent low attenuation areas. *Significantly different from female (P Ͻ 0.05). Values are means Ϯ SD. *Significantly different from female (P Ͻ 0.05).
airflow is either transitional or turbulent and is also dependent on the Reynolds number (Re) and is given by:
Re ϭ 2rvd n where d is density, v is average velocity, r is radius, and n is viscosity. Turbulence is most likely to occur when flow is high and airway diameter is relatively large. Importantly, when turbulent airflow occurs, the driving pressure is not proportional to flow and for a given flow the driving pressure must be much greater than that in laminar flow. As described by West (33) , turbulence and the Re are higher in the trachea and other larger airways especially during conditions when airflow velocities are high. The main sites of airway resistance (ϳ80%) are the larger airways (up to 7th generation) whereas the smaller (Ͻ2 mm) airways contribute Ͻ20%. Within this context of the findings of the present study and the principles that govern airflow, we would predict that a woman with the same sized lungs as a man would have higher airway resistance and more turbulent airflow. This may be important under physiological conditions where ventilation is high such as dynamic exercise. The findings of this study yield important insight into sexbased differences in pulmonary structure. The purpose of this Fig. 2 . Airway tree with assigned labels. Labels refer to segments but are assigned to terminating branchpoint of respective segment. Drawing based on Boyden (3). post, posterior; lat, lateral; ant, anterior. *Significant differences between men and women of varying body size (P Ͻ 0.05). †Significant differences between subjects matched for lung size (P Ͻ 0.05). study was not to relate airway dimensions to lung function under physiological or pathological conditions, but our observations do merit brief comment. For example, how might smaller airway areas influence the integrated pulmonary response to dynamic exercise? We postulate that smaller airway areas may be related to increased sensations of breathlessness, expiratory flow limitation, and higher work of breathing in women. Indeed these have all been reported in women and may negatively influence exercise capacity. This argument is supported by three separate sets of evidence. First, ratings of breathlessness and exercise intolerance are more pronounced in women with pulmonary disease (10, 22) . This also appears to be the case in healthy older women (60 -80 yr) (28) . It is well known that ratings of breathlessness are multifactorial but may be related to mechanical constraints or a high work of breathing, among others. Second, there is now sufficient reason to suggest that healthy young women develop significant expiratory flow limitation during dynamic whole body exercise because of their smaller lungs and lower maximal expiratory flow rates, and therefore they may have a higher propensity for developing expiratory flow limitation compared with men (16, 25) . Last, with increasing exercise intensity the work of breathing in women significantly increases out of proportion to men (15, 16) . A high work of breathing is associated with significant neural and cardiovascular consequences (17, 30, 31) that can limit the ability to perform dynamic exercise (1, 29) . Our observations were obtained in ex-smokers undergoing CT scans for clinical diagnostic purposes, and no measures of exercise capacity were made. As such, we are cognizant that the generalizability of our findings is narrow. However, our anatomic observations support the growing list of physiological evidence that points to a female pulmonary system that may be at mechanical disadvantage compared with their male counterparts during exercise.
To this point we have emphasized the differences in airway structure between men and women. It is important to note that many of the airways were indeed similar between men and women matched for lung size (see Table 5 ). The largest and most central airways were smaller in women, but the more distal airways were not different between men and women. Why would the more distal airways be similar between men and women with the most proximal airways being smaller in women? Moreover, do these similarities in the more distal airways somehow compensate for the differences we observed in the larger airways? Our cross-sectional approach does not provide an explanation for this apparent dissociation, and our observations may be complicated by both genetic and exogenous factors such as prolonged exposure to tobacco smoke or neonatal passive exposure. It is possible that the measurements of the more distal airways have less precision due to the resolution of the CT scanner than do the measurements of the central airways. However, while this size-dependent measurement bias could explain the similarities in the more distally measured airways, we view this as an unlikely explanation (see below).
Methodological considerations. Several aspects of our methodology and subject characteristics should be considered when interpreting our findings. A limitation of this study is that it was not originally designed to study airways in normal subjects. Rather our study was part of a lung cancer-screening cohort. Since the subjects in this study were all middle-aged or older former smokers, we emphasize that caution should be given when comparing our results with those from other subject groups or healthy individuals. Also, extensive remodeling of the small peripheral airways is commonly seen in smokers, particularly those with chronic obstructive pulmonary disease (COPD) (20) , and it is thought that there are sex difference in the extent of this remodeling (24) . However, our data focused on relatively "large, central" airways, not the small peripheral airways that cause the airflow limitation in COPD. Furthermore, our study population presented with normal spirometry measurements, and thus most of them were less likely to have COPD. Therefore, we think it is unlikely that the large differences in Ai between men and women observed in the present study can be wholly explained by airway remodeling induced by COPD, or by the sex differences in this airway remodeling. However, further investigations in healthy nonsmokers are needed in this area.
In smokers, luminal area measurements can be influenced by the degree of emphysema, and the effect of tobacco on lung parenchyma and airways could contribute to the difference observed between men and women. In this study we found no difference in the degree of emphysema between groups (see Tables 1 and 2 ). Moreover, recent findings show that at all levels of disease severity, current and former male smokers with COPD have more extensive CT emphysema than women (6, 11) although this remains controversial. As an explanation for our findings, it possible that the female lungs in the present study had lower recoil and required less distending pressure to reach TLC, and therefore a less (negative) pressure acting on the airways outside of the lung. This would result in less expansion and smaller cross-sectional area. Our experimental design does not provide a direct avenue of discounting this as a possibility.
Last, it is possible that the measurements we have obtained have been influenced by artifacts within both the CT image acquisition/reconstruction technique and the measurement technique. However, studies that have compared airways measured using CT to the same measurements obtained using histology have consistently shown that while CT underestimates lumen area, this error is systematic and greatest in airways Ͻ3 mm in diameter. The airways measured in our study were all above this range (4 -20 mm diameter), and therefore we stand by our primary conclusion that the difference in Ai between men and women is an anatomically based phenomenon.
Summary. We used computed tomography to measure airway luminal areas of the large and central airways in men and women using two approaches. We determined the relationship between lung size and airway size in men and women of Values are means Ϯ SD. *Significant difference between men and women (P Ͻ 0.05).
varying stature and found that the airway luminal areas of the larger and central airways of women are smaller compared with those of men. We removed the effect of biological sex by matching men and women for lung size and found that women continue to have smaller airway luminal areas of the large airways below the tracheal carina. There are previous reports of significant male-female differences in tracheal size that are not accounted for by lung size. However, there are no studies that have determined if these differences exist beyond the trachea. This is the first study to address this question, and our findings provide an important advancement in our understanding of sex-based differences in airway geometry. We conclude that the larger and central airways in females are significantly smaller than those of males even after controlling for lung size.
